Cold-rolled MgLi system alloys represent the exfoliation corrosion on the surface of the longitudinal and the transverse sections. In this study, the origination of the exfoliation corrosion of the cold-rolled MgLi alloy was clarified. In the initial stage of the corrosion, the oxide film formed immediately on the surface of each section, and then the film destruction with a remarkable bubble generation was observed in a certain spot. There were microcracks on the trace of the film destruction along the grain boundary. The corrosion resistance in the annealed specimen was more than that in the as-rolled specimen because the microstructure of the as-rolled specimen has elongated and thinned grains by severe cold rolling. The exfoliation corrosion was not observed in the annealed specimen, because the annealed specimen has homogeneous equiaxial grains. The successive film destruction in annealed specimen progressed along the grain boundary to random direction. Moreover, the initiation time of the bubble generation was delayed in the annealed specimen.
Introduction
Magnesium (Mg) alloys have been investigated for the small and the large structural metal materials in the industrial products such as transportation and electrical equipment because of the low density and the high specific strength. Many attempts have been performed to improve the mechanical properties by the grain refinement or the addition of alloying elements. Recently, it has been reported that hotextruded MgRETM system alloys have over 500 MPa of the yield strength. 1) Mg metal and alloys commonly have the hexagonal closed packing (hcp) crystal structures. Mg alloys have difficulty in cold-working because the major slip plane at room temperature is limited to the basal (0001) plane. Therefore, wrought Mg alloys could not cold-rolled with high rolling reduction.
2) For this reason, commercial wrought Mg products (AZ31, ZK60, etc.) are not used in the form of the sheet metal produced by the cold working. MgLi system alloys with over 11 mass% lithium elements change the crystal system to the body centered cubic (bcc) structures. 3) This structure makes it possible for this alloy to cold-work at room temperature. Moreover, Li element has the lowest density in metal elements, so this system alloys make possible to reduce in weight of these products. Therefore, several MgLi system alloys, such as ASTM LA141 (Mg-14 mass% Li-1 mass% Al) alloy, were commercially produced for aerospace industries in the 1960s. However, these alloys have particularly bad corrosion resistance 4) by the reason that Li element has active standard electrode potential (E°L i = ¹3.05 V vs. SHE) and bcc-structured MgLi alloys consist of the Li solid solution phase. Some approaches were examined to prevent exposure to the corrosion environment, such as coating, 5) anodizing 6) and so on. 7) The cold-rolled MgLi alloy has a special trouble with the exfoliation corrosion, which exhibits the separation in laminae with the progression of corrosion in the parallel to the rolling plane. The exfoliation corrosion is commonly observed in 2XXX and 7XXX aluminum alloys. However, there are no reports on the exfoliation corrosion of MgLi cold-rolled alloys. It is important to clarify the exfoliation corrosion mechanism of these alloys for the improvement of the corrosion resistance. The aim of this study is to reveal the occurrence of the exfoliation corrosion in the cold-rolled Mg-14 mass% Li-1 mass% Al alloy immersed in NaCl solution. The initial stage of corrosion in the leading up to the exfoliation was examined by the microstructural observation and some electrochemical measurements.
Experimental Procedures
The specimen of this study was cold-rolled Mg-14 mass% Li-1 mass% Al alloy (LA141) magnesium alloy with 0.8 mm thickness. Corrosion tests were performed for 12 h to the sheet with the as-rolled and the annealed conditions. All sections of the as-rolled and the annealed sheets were mirrorlike polished and immersed in the solution of 5 mass% NaCl in distilled water. The macroscopic and the microscopic corrosion characteristics were observed at any given point in time in the rolling surface section (S section), the longitudinal section (L section) and the transverse section (T section) of specimens. The microscopic surfaces of specimens in each section were observed with mounted epoxy resin. Nonimmersed specimens were etched for microscopic observations by 10 mL HNO 3 + 90 mL methanol solution after polishing. Corroded and Non-immersed specimens were observed microstructures in each section using NIKON MA100 optical microscope. The electrochemical measurements were performed with the embedded specimens; the exposed area of the specimen was 10 © 10 mm 2 in the S section and 0.8 © 10 mm 2 in L and T sections. The opencircuit potential (OCP) in each section in the corrosion solution were measured every 2 s up to 14.4 ks using HOKUTO DENKO HA-501G potentio-galvanostat built-in an electrometer. The reference electrode was used HORIBA 2060-10T Ag/AgCl electrode and the counter electrode was SUS304 stainless steel plate with 30 © 50 © 0.5 mm 3 . Additionally, in-situ surface observation during the OCP measurement was performed using KEYENCE VH-8000C microscope. The electrochemical impedance spectroscopy (EIS) was measured with the corroded specimen in each section using Bio-Logic SP-150 frequency response analyzer. The frequency range was used from 10 ¹2 to 10 5 Hz with an amplitude perturbation of 10 mV. The data of the experimentation were analyzed by EC-lab software.
Results and Discussion

Macroscopic and microscopic changes in each surface
The microstructure of the as-rolled specimen in the L section was shown in Fig. 1(a) . As the result of severe coldrolling, the grain shape was thinned and stretched to the less than a few µm of the grain thickness and more than 1 mm of the width. The annealed specimen has equiaxial grains as shown in Fig. 1(b) , because the static recrystallization occurred during annealing after severe cold-rolling with about >95% of the rolling reduction. Macroscopic surfaces in each section of the as-rolled and the annealed specimens at 6 h of immersion were shown in Figs. 2(a)2(f ) . Obviously, the exfoliation corrosion was observed in L and T sections of as-rolled specimen at over 6 h of immersion time, whereas there is no definitive change in the rolling section. In asrolled specimen, the surface in the rolling section maintained approximately flat except for the edge of specimens. On the other hand, annealed specimens did not indicate the exfoliation behavior during immersion test for 12 h in L and T sections. Microstructures of the immersed specimens in the L section were shown in Figs. 3(a)3(f ) . The oxide film, which formed immediately after immersion, fell off from the (
T section corroded surface as shown in dark area in Fig. 3 . In L and T sections, microcracks were observed at over 3 h on the place of elimination of the oxide film. These microcracks coalesced into each other and initiated the crevices. Zhao et al. reported that the exfoliation corrosion of AA7178 aluminum alloy tend to appear on the microstructure with elongated grains.
8)
The aspect ratio of the grain has a significant effect on the exfoliation. The as-rolled specimen exhibited the exfoliation because the microstructure is elongated by severe coldrolling.
Electrochemical impedance spectroscopy
The Nyquist plot of the as-rolled sample immersed for 1 h in the L section was shown in Fig. 4(a) as an example, and brief configurations of each Nyquist plot were characterized as two semicircular arches and one inductance loop. Nyquist plots of each immersion time were almost similar configuration. From these results, the equivalent circuit was estimated as shown in Fig. 4(b) . This equivalent circuit was consisted of the electrolytic resistance, R sol , the film resistance, R f , the film capacitance, C f , the charge transfer resistance, R ct , the capacitance of the double-layer, C dl , and the inductance component, L. The inductance loop in the low frequency region corresponds to the pitting corrosion behavior. For a simple comparison, the film resistance was focused as the most effective component to the corrosion behavior in each surface. Figure 5 indicated the film resistance ratio (the product of the film resistance and the surface area) vs. immersion time. In the as-rolled specimen, the film resistance ratio decreased rapidly at 23 h of immersion time. The film resistance ratios at 3 h of immersion in both sections were minimum value during measurements. However, the resistance ratio in the annealed specimen was almost constant for 4 h of immersion. These results indicate that the oxide films on L and T sections were broken up and the emerging metal surfaces were appeared at 3 h of immersion.
In-situ observation during measurement of opencircuit potential
The open-circuit potentials in the L section with the immersion time were shown in Fig. 6 . There are similar characteristics between the as-rolled and the annealed specimens; in the beginning of corrosion (until 1 h of immersion), the potential steadily rose in accordance with immersion time, after that, the potential suddenly dropped and started vibration. As the result of in-situ observation, the film on the surface was peeled off with the bubble generation. The film stripped surface was identical to the dark area in Fig. 3 , it assumed these microcracks were formed in this region. Once the bubble generation started, it was continuously observed on the surface in just one place. The place of the bubble generation, associated with the delamination of the film, moved gradually in a certain direction, which differs between the as-rolled and the annealed condition. In the asrolled specimen, the trace of the film breaking was along the direction parallel to the rolling plane. In contrast, the bubble generation in the annealed specimen progressed randomly regardless of the rolling direction of the plate. In each specimen, the film elimiation was observed along the grain boundary. Therefore, the difference in the travelling direction of the film elimination between the as-rolled and the annealed specimens was attributed to the initial microstructure. The grain shape in the as-rolled specimen was flattened and thinned by severe cold rolling. The grain boundary of these grains was oriented to the through-thickness direction and sensitive to corrosion. Once the oxide film eliminated by pitting (probably occurred around precipitates on the grain boundary, such as Mg 17 Al 12 intermetallic phase), the corrosion proceed from the surface crack into the internal metal region. Afterward the evolution of the pitting, the film destruction occurred along the grain boundary in rapid sequence. On the other hand, the annealed specimen has equiaxial grains by the static recrystallization after severe cold-working. Therefore, the travelling direction of the bubble generation and the film elimination was randomly along the grain boundary. The microcrack did not generate Exfoliation Corrosion Behavior of cold-rolled Mg-14 mass% Li-1 mass% Al alloy in NaCl Solutionalong the grain boundary due to the equiaxial microstructure, thus the corrosion into the internal metal region was hard to occur from surface of L and T sections. Figure 6 also indicates that the initiation time of breaking the surface film was delayed by annealing. This result may not contribute strongly to suppress the exfoliation corrosion of MgLi cold-rolled alloy, compared to the travelling behavior of the bubble generation and the elimination of the film. However, it is important to delay the destruction of the oxide film for improvement of the corrosion property in MgLi cold-rolled alloy. The annealed specimen was changed the microstructure to equiaxed grain structure by the static recrystallization. In addition, the annealing treatment gives the effect of relaxation of the residual stress introduced by cold working. After the cold rolling, the tensile stress remains to the through-thickness direction. Van Boven et al. observed that the higher tensile residual stress was subject to generate corrosion pits and the crack initiation in pipeline steel, although the compressive residual stress did not affect to originate pits and the crack initiation. 9) After annealing, the aligned precipitates remained along the rolling direction after the recrystallization as shown in Fig. 1(b) . When the existence of configuration of the precipitates was unchanged after annealing, the pitting corrosion in the annealed specimen occurs with similar as in the as-rolled specimen. The tensile residual stress to through thickness direction was reduced by heat treatment. The residual stress may cause the emergence of open crack in L and T sections of the coldrolled sheet. Although the value of this residual stress introduced by cold rolling is not measured in this study, it is critical to clarify the mechanism to suppress the exfoliation corrosion of cold-rolled alloy.
Conclusion
The initial stage of corrosion in Mg-14 mass% Li-1 mass% Al cold-rolled alloy was investigated. The exfoliation corrosion was occurred in the as-rolled specimen. The origination of exfoliation was microcracks in L and T sections, which developed in a few hours of the immersion test. On the other hand, the annealed specimen was not occurred exfoliation. The difference is originated that the microstructure of the as-rolled specimen has flattened and thinner grains by severe cold rolling. The oxide film on L and T sections were broken by the pitting corrosion at 1 h of immersion to the corrosion solution around the precipitates on the grain boundary. Subsequently, the film destruction steadily progressed along the grain boundary with the bubble generation. On the film-stripped region, the corrosion of the exposed metal developed and microcracks generated along the original boundary. These exfoliation mechanisms are not easy to occur on the annealed specimen because the microstructure was changed to equiaxial grains and the residual tensile stress to the through-thickness direction was relaxed by annealing. Therefore, the annealed specimen did not exhibit the exfoliation behavior at the long period of the immersion. 
